Nicotiana clevetandii plants doubly infected with potato leafroll luteovirus (PLRV) and potato Y potyvirus (PVY) developed more severe symptoms than plants infected with either virus alone. Compared with singly infected plants, the PLRV concentration was increased up to eightfold by the double infection and the proportion of leaf parenchyma protoplasts that could be stained with fluorescent antibody to PLRV was increased from 0.2 to 1.49/oo. The concentration of PVY was unaffected by the double infection. In potato plants, in contrast, double infection with PVY did not increase PLRV concentration and none of the parenchyma protoplasts obtained from singly or doubly infected leaves could be stained with fluorescent antibody to PLRV. PLRV seems restricted to phloem tissue in potato but also invades a few parenchyma cells in N. clevetandii, a process that is accentuated in plants also infected with PVY.
Invasion of Non-phloem

SUMMARY
Nicotiana clevetandii plants doubly infected with potato leafroll luteovirus (PLRV) and potato Y potyvirus (PVY) developed more severe symptoms than plants infected with either virus alone. Compared with singly infected plants, the PLRV concentration was increased up to eightfold by the double infection and the proportion of leaf parenchyma protoplasts that could be stained with fluorescent antibody to PLRV was increased from 0.2 to 1.49/oo. The concentration of PVY was unaffected by the double infection. In potato plants, in contrast, double infection with PVY did not increase PLRV concentration and none of the parenchyma protoplasts obtained from singly or doubly infected leaves could be stained with fluorescent antibody to PLRV. PLRV seems restricted to phloem tissue in potato but also invades a few parenchyma cells in N. clevetandii, a process that is accentuated in plants also infected with PVY.
The association between luteoviruses, such as potato leafroll virus (PLRV), and phloem tissue is well documented. For example, PLRV has been found by electron microscopy of thin sections (Arai et al., 1969; Kojima et al., 1969; Shepardson et al., 1980) and by fluorescent antibody staining of potato tissue sections (Weidemann & Casper, 1982; Barker & Harrison, 1986) only in phloem sieve tubes and companion cells. Barker & Harrison (1986) suggested that companion cells are the main sites of PLRV replication and that sieve elements may serve only or largely as a route for transporting virus within the plant. This restriction of luteoviruses to phloem tissue may be because cells outside the phloem cannot support replication or because the viruses are unable to pass from phloem tissue to other cells. However, the fact that isolated mesophyll protoplasts of tobacco and potato become infected when they are inoculated with PLRV particles (Kubo & Takanami, 1979; Barker & Harrison, 1982) suggests that the restriction of luteoviruses to phloem cells is more likely to result from a failure of virus transport. In a brief report reported that PLRV accumulates in some parenchyma cells in addition to phloem cells of Datura stramonium plants doubly infected with potato virus X (PVX) and that the doubly infected plants contained more PLRV than those infected with PLRV alone. Similar observations have been made on the mechanically transmitted geminivirus, bean golden mosaic virus (BGMV), which causes cytopathic effects only in phloem tissue of singly infected plants (Kim et al., 1978) , but in most leaf cell types of plants also infected with tobacco mosaic virus (TMV) (Carr & Kim, 1983) . This paper describes experiments to compare the distribution of PLRV in Nicotiana clevelandii and potato plants and to test the effect of potato virus Y (PVY) on PLRV distribution.
PLRV (an isolate from Perthshire) was maintained in potato, cultivar Marls Piper, and PVYo, an isolate kindly provided by Miss R. M. Solomon, Potato Breeding Department, Scottish Crop Research Institute, was maintained in N. clevelandii. Small N. clevelandii plants (three to four leaves) were infected with PLRV by exposure for 4 days to green peach aphids (Myzuspersicae; five/plant) which had been reared on PLRV-infected potato plants. The aphids were then killed by fumigation with nicotine. PLRV-infected potato plants were grown from 0000-7517 © 1987 SGM infected tubers. Plants to be infected with PVY were dusted with corundum and rubbed with sap taken from N. clevelandii infected with PVYo and diluted about 1/20 with water. N. clevelandii plants were inoculated 8 to 10 days after inoculation with PLRV, and potato plants when they were about 150 mm tall. Experimental plants were kept either in an aphid-proof glasshouse at about 20 °C or in a controlled environment of 16 h at 25 °C with illumination of 7000 lux alternating with 8 h at 20 °C in darkness. PLRV and PVY were detected in tissue extracts by ELISA and the concentration of PLRV was estimated using known concentrations of purified virus particles as standards (Barker & Harrison, 1985) .
Protoplasts of either N. clevelandii or potato were isolated in 0.4 M-mannitol using the mixed pectinase and cellulase method described for potato (Barker & Harrison, 1982) . Enzyme digestion of the leaf was allowed to continue for about 4 h, about 1 h after full digestion seemed to have occurred. Only the upper epidermis appeared to remain intact after this treatment. After isolation, protoplasts were viable for only a few hours but were of sufficient quality for immediate sampling for treatment with fluorescein-conjugated antibody to PLRV or PVY, and examination in a Nikon Labophot u.v. fluorescence microscope essentially as described by Kubo et al. (1975) . The majority of protoplasts were morphologically intact and there was little appreciable difference between preparations from singly or doubly infected plants, although those from virus-free plants were usually somewhat better.
Batches of N. clevelandii or potato plants were divided into groups some of which were infected with PVY, some with PLRV and some with both viruses; other, non-inoculated plants served as controls. In N. clevelandii, symptoms of infection by PVY (stunting, leaf vein clearing and rugosity) and PLRV (stunting and interveinal chlorosis in older leaves) developed 2 to 3 weeks after inoculation. Symptoms in N. clevelandii inoculated with both viruses (stunting and chlorotic mosaic on leaves) were considerably more pronounced than in plants infected with either virus alone (Fig. 1) . These symptom differences persisted throughout the experiments. Potato plants infected with PLRV developed mild leaf rolling and chlorosis, and leaves of plants inoculated with PVY developed necrotic local lesions although little systemic mosaic and necrosis occurred. Symptoms in potato plants infected with both viruses were no more severe than in plants infected with each virus alone.
Extracts of young fully expanded, systemically infected N. clevelandii leaves were tested by ELISA between I0 and 38 days after inoculation with PVY. The concentration of PVY was similar in plants that did or did not contain PLRV. In contrast, the concentration of PLRV was two-to eightfold greater in plants infected with both viruses than in those containing PLRV alone (Table 1) . In tests on several batches of plants grown in the glasshouse, or a controlled environment, the mean PLRV concentration in singly infected plants was 168 ng/g leaf (range from 10 tests, 60 to 265 ng/g leaf) whereas that in plants also infected with PVY was 665 ng/g leaf (range from 10 tests, 375 to 1500 ng/g leaf). Similar effects were found in old or young leaves of plants tested 38 days after inoculation with PVY. In contrast, there was no increase of PLRV content in doubly infected potato plants (mean of 1489 ng/g leaf from eight tests) in comparison with plants infected with PLRV alone (mean of 1624 ng/g leaf from eight tests), in three experiments involving tests on leaves systemically infected with PVY between 14 and 34 days after inoculation. The concentration of PVY was also the same in both singly and doubly infected potato plants.
Protoplasts were made from N. clevelandii leaves similar to those tested by ELISA (Table 1) . Neither the proportion of protoplasts stained (about 90 ~) by fluorescein-conjugated antibody to PVY particles, nor the intensity of staining of individual protoplasts was affected by the presence of PLRV in the source plants. A few protoplasts (up to 0-4 ~o, mean of 0.2 ~ from seven tests) from leaves systemically infected with PLRV alone were stained by fluorescent antibody to PLRV particles and this proportion was greater (up to 3"2~o, mean of 1.4~o from seven tests) in protoplasts from leaves also infected with PVY (Table l) . In contrast, no protoplasts obtained from the youngest fully expanded potato leaves infected with PLRV alone, or systemically infected with both PLRV and PVY, were stained with antibody to PLRV although about 80~ of those from the doubly infected plants could be stained with fluorescent antibody to PVY.
Most of the protoplasts stained with PLRV antibody (between 55~ and 91 ~) had the same morphology as the majority of unstained protoplasts when examined by light microscopy, by which they were seen to contain many chloroplasts (Fig. 2) . They either had strongly stained cytoplasm in which unstained chloroplasts could be readily identified, or contained several intensely stained spots but little general cytoplasmic staining (Fig. 2) . These protoplasts closely resembled mesophyll protoplasts of tobacco and potato which had been infected by inoculation with PLRV after they were isolated (H. Barker, unpublished results; Barker & Harrison, 1982) . A smaller proportion of the stained mesophyll-like protoplasts (up to 20~) were not morphologically intact and were similar to other unstained disrupted protoplasts. The rest of the stained protoplasts were intensely stained structures which were mostly spherical but considerably smaller than the majority of the mesophyll-like protoplasts. Some contained intensely stained cytoplasm and unstained chloroplasts, which could also be identified by light microscopy, but others seemed to lack chloroplasts. Examination of thin sections of tobacco and potato leaf tissue by light microscopy suggests that phloem companion cells are much smaller than parenchyma cells, and so the possibility was considered that the small protoplasts were derived from phloem companion cells. Although this possibility cannot be excluded, it is unlikely to be correct because no stained protoplasts were found in preparations from potato leaves which are known to contain many infected companion cells (Barker & Harrison, 1986) , and because companion ceils usually cannot be separated from the sieve tubes even by maceration (Fahn, 1982) . It therefore seems more probable that the large and small intact protoplasts come from different kinds of parenchyma, cells in the mesophyll and around the vascular tissue, respectively.
There are several reports on the effect of PVY in increasing the concentration of PVX in tissues (Rochow & Ross, 1955; Goodman & Ross, 1974) but none of such an effect of PVY or any other potyvirus on a luteovirus. However, the effect of PVX on PLRV conent seems more closely analogous to that reported in this paper. Indeed Atabekov et al. suggested that PLRV moves into parenchyma cells of doubly infected D. stramonium plants as a result of complementation by a virus-specific function of PVX, a phenomenon termed 'transport function complementation' by Atabekov & Dorokhov (1984) . The results reported here suggest that PVY too may act by inducing a 'transport function' that aids the movement of PLRV into non-phloem tissue, but further work is needed to ascertain whether PVY infection also increases the number of phloem cells that become infected with PLRV. If PVY induces a 'transport function' which may involve virus-coded (or virus-induced) protein(s) (Atabekov & Dorokhov, 1984) , it is not clear why this function is effective in N. ctevelandii but not in potato. It is possible that host genotype can influence and modify the operation of 'transport function complementation'.
It is not known whether the lack of restriction of PLRV to phloem tissue without co-infection with another virus is unique to N. clevelandii. However, the phenomenon may prove useful in further work to investigate the mechanism of virus restriction to phloem tissue.
